Abstract: FeCrAl alloys are proposed and being intensively investigated as alternative accident tolerant fuel (ATF) cladding for nuclear fission application. Herein, the influence of major alloy elements (Cr and Al), reactive element effect and heating schedules on the oxidation behavior of FeCrAl alloys in steam up to 1500°C was examined. In case of transient ramp tests, catastrophic oxidation, i.e. rapid and complete consumption of the alloy, occurred during temperature ramp up to above 1200°C for specific alloys. The maximum compatible temperature of FeCrAl alloys in steam increases with raising Cr and Al content, decreasing heating rates during ramp period and doping of yttrium. Isothermal oxidation resulted in catastrophic oxidation at 1400°C for all examined alloys. However, formation of a protective alumina scale at 1500°C was ascertained despite partial melting. The occurrence of catastrophic oxidation seems to be controlled by dynamic competitive mechanisms between mass transfer of Al from the substrate and transport of oxidizing gas through the scale both toward the metal/oxide scale interface.
Introduction
Zirconium-based alloys possess low neutron absorption cross section, good corrosion and irradiation resistance as well as high mechanical strength. These outstanding properties guarantee them being well qualified for utilization as state-of-the-art cladding and structural components in water-cooled nuclear reactors with respect to normal operation [1] . However, an undesirable limitation is their fast self-catalytic exothermic reaction with high-temperature steam in case of off-normal conditions. Once the environment inside the core changes from normal operating conditions to accident scenarios, e.g. loss of coolant accidents (LOCA), the Zr-based claddings first suffer ballooning and then bursting at around 700 -900°C [2] . With continuous increase of the core temperature, the claddings undergo severe degradation and accelerated oxidation. Due to the exothermic zirconium-steam oxidation reaction, a large quantity of heat is released and hydrogen gas is produced increasing the risks of hydrogen detonation and radioactive fission products release [3] [4] [5] . Therefore, the development of advanced accident-tolerant fuels (ATFs) with larger safety margins became one primary focus after the Fukushima accident in 2011 [6, 7] .
Alternative ATF cladding concepts, including coated Zr-based cladding, hybrid ceramic/metal cladding, or advanced ceramic and metallic cladding, owning excellent high-temperature oxidation resistance are being investigated aiming to enhance the accident tolerance [2, 6, [8] [9] [10] [11] .
FeCrAl-based alloys represent one promising candidate as alternative ATF cladding material.
These alloys show attractive properties, like good formability, high mechanical properties and, more specifically, excellent high-temperature oxidation resistance [12] . Traditional FeCrAl alloys with relative high chromium addition (~20 wt.%) and moderate Al concentration (~5 wt.%) are specifically optimized for high-temperature oxidizing applications, e.g. heating elements and catalytic converters [13] . The excellent oxidation resistance of FeCrAl-based alloys in oxidizing atmospheres relies on the growth of an external, dense and adherent α-Al 2 O 3 scale due to the selective oxidation of Al at elevated temperatures. The addition of around 20 wt.% Cr (known as third element effect, TEE) reduces the amount of Al needed to establish the protective alumina scale [14] . However, high Cr content in these alloys may trigger potential irradiation embrittlement at typical LWR operating temperatures during service [15, 16] . In order to optimize the chemical composition of the FeCrAl-based alloys to make them suitable for nuclear fission application while maintaining their excellent oxidation resistance, the straightforward solution consisting in increasing the Al content and simultaneously decreasing the Cr content is not acceptable due to the pronounced Al negative effect on the workability and mechanical properties (especially ductility) [17] . Current studies are focused on preserving a delicate balance between Cr and Al content in conjunction with minor additions of other elements that eliminate or manipulate undesirable attributes [15, [18] [19] [20] .
Intensive studies have been performed to investigate the oxidation behavior of FeCrAl-based alloys in both dry and moist atmospheres. However, previous studies on investigating their oxidation behavior and mechanism were focused on steady-state condition at certain temperatures (i.e. after successful establishment of a protective Al 2 O 3 scale), like breakaway oxidation, reactive element (RE) effect and stress development [21] [22] [23] [24] . In addition, the examined temperatures were generally low (< 1300°C) considering nuclear application with respect to accident scenarios. A plenty of studies have been dedicated to examining their behavior in high-temperature steam for nuclear application recently [25] [26] [27] [28] . The comprehensive understanding of underlying mechanisms on growth and failure of protective alumina scale, particularly during the initial stage of oxidation, at elevated temperatures is not yet satisfying. The purpose of this study was to elucidate the influence of both, the chemical composition, including major alloying elements and reactive element, and the heating schedules, on the compatibility of FeCrAl alloys with high-temperature steam. The final aim was to shed more insights into the response of this alloy system during postulated nuclear accident scenarios.
Experiment arrangement
Fourteen model FeCrAl-based alloys without or with yttrium (Y) addition were prepared as ingots from high purity element powders by arc melting under argon atmosphere. The small addition of Y (0.3 wt.%) in some alloys is expected to be in a solid solution state. These model alloys were in as-cast condition without additional heat treatment. In addition, two commercial alloys, Kanthal APM and D as tubes, were purchased from Kanthal/Sandvik, Sweden. The alloys nominal compositions together with the actual compositions determined by energy dispersive Xray spectroscopy (EDS) are listed in Table 1 . For oxidation tests, cylindrical disc specimens with around 1.2 mm thickness and ring specimens with around 4 mm length were cut from the ingots and the tubes, respectively. The diameter of the disc specimens was around 10 mm. The geometry of the two commercial alloy specimens is as follows: the outer diameter APM: 25 mm and D: 6.0 mm, the wall thickness APM: 1.6 mm and D: 0.4 mm. The Kanthal APM is a powder metallurgical product and both commercial alloys contain small amounts of additional alloying elements (Si, Mn and C). Prior to oxidation, the cutting ends of the specimens were deburred and ground using metallographic grinding with abrasive SiC paper down to 4200 grit. The specimens were then cleaned in ultrasonic solution following a sequence of water, acetone and isopropanol, finally dried in hot air.
The high-temperature steam oxidation experiments in this study were performed using a horizontal corundum tube furnace ((inner diameter: 32 mm, length: 600 mm) under normal pressure. The specimens were placed on a corundum crucible sample holder located in the center of the furnace. Two different kinds of tests were conducted: transient tests and isothermal tests.
During both tests, the specimens were oxidized in a flowing gas mixture consisting of argon and steam. The gas composition and flow rates were defined by flow controllers and a CEM (Controlled Evaporation and Mixing) system both delivered by Bronkhorst ® . The composition of the off-gas was in-situ analyzed by a quadrupole mass spectrometer (Balzers GAM300). Particular interest was focused on the evolution of hydrogen release rate in the off-gas during the tests, which was used as measurement for the oxidation rate. Pure steam atmosphere cannot be achieved due to argon is needed to serve as the carrier gas and reference gas for mass spectrometer analysis. Typical examples of temperature profile and gas concentrations during transient tests and isothermal tests are shown in Fig. 1 . In the case of transient tests, the specimens were firstly heated in high purity Ar atmosphere (99.9999%) with a flow rate of 40 l/h from ambient temperature to 500°C, and maintained at 500°C for certain time to stabilize the temperature.
Subsequently, the steam was introduced into the furnace by changing the gas flow to 20 l/h Ar and 20 g/h H 2 O. The concentration of the steam during the oxidation phase was ~55 vol.%. The specimens were oxidized in steam whereas a transient ramp period heating to the desired temperatures (1450°C or 1300°C) followed by an isothermal phase with different dwell time.
During the temperature ramp up, two different heating rates were adopted: 5 and 10 K/min. The temperature ramp rates on the progression of a specific accident scenario can vary significantly, from few to more than one hundred Kelvin per minute, depending on the accident severity [29] .
The selection of these two heating rates took into account the actual accident conditions as well as the facility capabilities. After the isothermal exposure, the specimens were finally cooled down to room temperature in the furnace in Ar. With respect to the isothermal tests, the specimens were heated in Ar to the desired temperatures (1200-1500°C) with a fixed heating rate of 10 K/min, and subsequently isothermally oxidized in argon and steam mixture atmosphere for 1 hour or 15 min. The other parameters (gas flow rates and cooling rates) remained the same as in the transient test. The flow rates of gas shown herein are in standard conditions (25°C, 1bar). The mass of the specimens before and after oxidation was measured using an analytical balance with resolution of ±0.0001 g. The phase compositions of the surface after oxidation were characterized using a step-scanning X-ray diffraction (XRD, Seifert PAD II) with Cu Kα1 radiation (λ=0.154 nm) in conventional θ-2θ geometry. The samples which were completely oxidized were ground to powder for XRD measurements. The surface and cross section were examined using a field-emission scanning electron microscope (SEM, Philips XL30S), equipped with an energy-dispersive X-ray spectroscopy (EDS) for elemental analysis. Table 2 presents the steam compatibility of all alloys investigated, as a function of composition and heating rate in the transient tests, based on the hydrogen evolution. The maximum tolerable temperature in steam, above which the oxide scales are supposed to fail, is defined as the temperature at which the sharp peak of the released hydrogen starts to emerge (Fig.2) . The maximum tolerable temperature of the survived samples was marked as 1450°C (the highest temperature during the test) as shown in Table 2 . The first category, i.e. samples suffered catastrophic oxidation, mainly comprised of model alloys with relatively low Cr and Al contents and without reactive element (Y), as well as the two commercial alloys tested at higher heating rate (10 K/min). Increasing the aluminum and chromium contents in the alloys, the maximum tolerable temperature to steam increased. By applying a lower heating rate during the ramp period, the maximum tolerable temperature also raised ( Table 2) In these cases, the diffraction peaks belonging to Fe(Cr) phase were generated by the alloy substrates. The surface aspect and cross-sectional morphology of the samples exposed to the transient tests were evaluated using SEM/EDS characterization methods. The survived alloys, having a divergent surface aspect, were protected by an alumina scale ( Fig.4c and d) . The oxide scale adherence was low for P9 alloys without Y (Fig.4c ). Spallation and delamination of the alumina scale were seen, apparently resulting from thermal stress induced by an abrupt temperature change during cooling phase [30] . The alumina scale was convoluted with a thin layer of equiaxed grains at the gas-metal interface and the typical elongated columnar α-Al 2 O 3 grains underlying. In case of P13 sample with Y addition, the scale was smooth, relatively dense and highly adherent with an exclusively columnar grain structure on the surface (Fig.4d) . In accordance with previous findings, the cross-sectional SEM images in Fig.5 furthermore confirmed that a protective α-Al 2 O 3 scale formed on the surface of the survived samples. In the case of sample P9 without Y addition (Fig.5a ), the alumina scale showed low adherence with spallation and delamination. Both the ambient/scale interface and the scale/alloy interface became convoluted after oxidation and voids were observed within the scale. The alumina scale grown on the samples with Y addition is highly adherent as can be seen on the micrographs of the samples P13 and P14 ( Fig.5b and c) . However, slightly convoluted interfaces and some voids were also observed for P13 alloy with relatively low Cr and Al content (Fig.5b) . The scale formed on P14 sample was uniform and dense, free of cracks and voids (Fig.5c ). Segregation of Yenriched bright particles on the surface and within the scale was visualized by the contrast discrepancy, as well as ascertained by EDS mapping. The average thickness of the alumina scale on the survived samples was at around 5 µm. A thin region of internal oxidation, adjacent to the oxide scale, was also observed due to the overdoping effect [31] . 
Experiments up to 1300°C
In order to gain more insights into the failure mechanism of the samples during the transient tests, tests only up to 1300°C without subsequent holding period were performed on a selection of three samples with various Cr and Al contents: P5, P6 and P10. Their maximum tolerable temperatures in steam determined from previous transient tests slightly exceed 1300°C as shown in Table 2 .
As expected, the hydrogen release rate during the tests (not shown here) demonstrated similar tendency as in previous tests up to 1450°C, without abrupt increase below 1300°C for these three alloys. Fig.6 shows the XRD patterns of the samples after the tests with 10 K/min heating rate.
The results illustrate that all three samples formed an external α-Al 2 O 3 scale, as alumina was the principal phase indexed except the substrate. Diffraction peaks with relatively low intensity attributing to the oxide of iron and aluminum (FeAl 2 O 4 ) were also observed for P10 sample. temperature oxidation [32] , and this study was consistent with previous findings.
In general, growth and thermally induced stresses are accumulated within the scale-substrate system during oxidation. Stresses relaxation are frequently triggered through substrate deformation, scale wrinkling and/or spallation [33] . It is necessary to mention that different stress relaxation mechanisms were observed for these three alloys, i.e. P5 and P6 mainly by scale wrinkling and P10 by scale spallation as shown in Fig.7 (upper images). These two features have been proved not to be interrelated and can be significantly influenced by the alloy composition, substrate strength and grain orientation [23] . The scales were composed of fine grains and contained considerable surface porosity. Fine voids (or cavities) were observed within the scales and at the scale/alloy interfaces. Higher void densities were observed in case of the samples tested at higher heating rates, e.g. micrographs of P10 samples tested with 10 K/min (Fig.7c′ ) and with 5 K/min (Fig.7d′) . Slightly thicker scales grew on alloys at lower heating rate. For instance, the average thickness of the scales determined from the cross-section images were around 1. 
Isothermal oxidation
Isothermal oxidation tests in the temperature range of 1200°C to 1500°C of P9-P14 model alloys and the two commercial alloys with relatively high Cr and Al content were further performed to simulate extremely fast ramp heating rate scenarios.
Similar to the transient tests, the samples could also be classified into two categories:
catastrophic oxidation (marked as "failure") and formation of a protective scale (denoted by "protective") by identifying the hydrogen release rate, post-test appearance as well as the mass gain. Fig.8 shows the typical hydrogen production rate during the isothermal tests at different temperatures for 1 hour with inserted post-test appearance of the model alloy P14 at 1400°C and the commercial alloy Kanthal-APM at 1400°C and 1500°C. The performances of the examined alloys are summarized in Table 3 .
Isothermal oxidation test at 1200°C and 1300°C resulted in catastrophic oxidation behavior of It is interesting to note that distinctive behaviors appeared once the isothermal temperature reached 1400°C and 1500°C. All the tested samples underwent catastrophic oxidation at 1400°C, but exhibited protective feature at the higher temperature of 1500°C. As displayed in Fig.8a , for all samples that failed at various temperatures, the hydrogen production rates increased sharply to an extremely high level when the steam was introduced into the furnace, then decreased quickly to the level before steam exposure. In case of the alloys, labelled "protective" showing tolerance to high-temperature steam, the hydrogen production rates firstly increased quickly at the initial stage of oxidation and then remained relatively constant or slightly decreased. In addition, the hydrogen flow rates were maintained at a remarkably low level, even at 1500°C, around three orders of magnitudes lower compared to those of the failed samples. The post-test appearance of the model alloy P14 (Fig.8b ) and the commercial alloy Kanthal-APM (Fig.8c) after oxidation at 1400°C clearly shows no formation of protective oxide scale on the surface. The samples disintegrated and fractured with loose structure containing grooves and pores, and the color of the surface transferred to deep dark. Both samples displayed significantly high mass gains, around 40 wt.% corresponding to more than 150 mg/cm 2 . These failure features are in line with the extremely high release of hydrogen during the tests of the two alloys at 1400°C as depicted in Fig.8a . However, the APM alloy after oxidation at 1500°C shows a completely different surface morphology (Fig.8d) , i.e. the sample partially melted without maintaining its original geometry (tube) but displaying a compact structure. The recorded mass gain is merely ~1.20 mg/cm 2 , directly confirming the growth of a protective oxide scale. Fig. 9 shows the typical surface and cross-sectional morphologies of representative FeCrAl alloys after the isothermal oxidation. A protective α-Al 2 O 3 scale formed for the samples that did not undergo catastrophic oxidation (Fig.9a, b and d) . A wrinkled or convoluted appearance of scales with high adherence formed on alloys with Y addition, e.g. P13 at 1200°C (Fig.9a) . The alumina scales show low adherence with delamination and spallation for alloys without Y addition (Fig.9b, P11 at 1300°C ). At 1400°C, all the tested samples failed to form protective alumina scales and transformed to brittle iron-based oxides with large number of pores ( Fig.9c as an example). It is quite surprising that the P10 alloy with relatively low Cr and Al content, which even failed at 1200°C, successfully developed an α-Al 2 O 3 scale on the surface at 1500°C (Fig.9d) .
The surface of the sample became rough, like the surface of APM-1500°C in Fig.8d . Even though the scale cracked due to local stresses concentration induced by the change of sample shape, only few spallation was shown. This might be attributed to the stress relaxation easily triggered by plastic deformation of the alloy substrate at such high temperature. Isothermal test at 1400°C and 1500°C in steam for only 15 min were additionally performed for the selected alloys to ascertain the completely dissimilar behaviors at the two temperatures.
The same phenomena, namely catastrophic oxidation at 1400°C and protective effect at 1500°C
( Fig.8 and Table 3 ), were further confirmed. Oxidation at 1400°C for 15 min already resulted in full consumption of the alloy substrates. Oxide scales with similar sublayer configuration were developed on alloys tested at 1500°C. Fig.10 shows the structure of the oxide scale grown on P12 (Fe16Cr8Al) alloy and EDS point measurement results after oxidation at 1500°C for 15 min as an example. Four specific areas can be easily distinguished by the discrepancy between their color and morphology as marked in Fig.10a . The outmost layer with the darkest contrast (EDS points 3 and 6) is suggested to be the oxide formed at the very initial oxidation stage that contains the highest content of iron. A porous layer with relatively high Cr content (EDS point 4) grew beneath the surface layer. This layer seems to stem from the transient oxidation stage before the protective alumina scale established [34] . The oxidizing gas penetrating through this layer can be effectively treated as gas transfer in porous media. Selective oxidation of Al prompts the growth of an alumina scale (EDS point 2, 5 and 7) under the transient layer due to alumina remains the most stable oxide in this ternary system. For this yttrium-free alloy, the alumina scale is susceptible to cracking and spallation due to its low adherence (EDS point 1). 
Discussion
Generally, a critical value of Cr and Al addition is required to guarantee the growth of a protective, pure alumina scale on FeCrAl alloys during high-temperature oxidation. Meaningful observations of this study confirmed that the protective effect that can be established or not during the initial stage of oxidation at elevated temperatures is considerably influenced by not only the alloy chemical composition, but also the applied heating schedule.
The influence of Cr and Al content
Oxidation maps are frequently used to illustrate various types of oxide scales formed on the surface of aluminum-containing ternary alloys when exposed to oxidizing conditions. The maps generally contain three regions, corresponding to the alumina-forming, base-element oxideforming and third-element (usually Cr) oxide-forming oxides [21] . The domain of these three regions fluctuates mainly depending on the oxidation temperature and the chemical environment.
The frontier between the alumina-and base-element (here Fe) oxide-forming regions remains of specific interest since it clarifies the critical aluminum concentration needed to form an external protective alumina scale. Based on the above-described results, the domain of protective alumina scale, i.e. the oxide map, has been roughly estimated for the FeCrAl-based alloys exposed to steam during the transient tests performed from 500°C to 1450°C with subsequent holding time of one hour at 1450°C (Fig.11) . A Cr 2 O 3 -forming region is substituted by a non-protective Febased scale herein, because the Cr 2 O 3 scale cannot sustain such high temperature.
For yttrium-free alloys, as shown in Fig.11 , the dividing threshold curves between the two regions at both different heating rates demonstrate that a synergistic combination of critical Al when comparing the maximum tolerable temperature of alloys P1-P8 in Table 2 . The additional Al content needed (N Al ) while keeping the Cr content constant for changing the oxidation behavior of alloy P6 from non-protective to protective is around 2 times lower than the increasing Cr content needed for achieving the same effect (N Cr ), in Fig.11a . Recent investigations, in which Fe-Al and Fe-Cr alloys were compared, also show that in most cases Al is around 1.5 -2 times more effective as an oxidation retardant than Cr at 1200°C considering scaling losses (weight loss by oxidation) [14] . High Al addition supposes to reduce the density of interfacial voids between the scale and the substrate and to accelerate thickening of the α-Al 2 O 3 scale [35] , resulting in better beneficial outcome than Cr in improving the maximum tolerant temperature during transient tests.
Another meaningful observation of this study is the saturation of the third element effect (TEE) of Cr, especially at higher heating rates, once the Cr content reaches around 20 wt.% (Fig.11) . [14, 35] . The addition of Cr, as third alloying element that can boost the formation of the Al-oxide scale on the surface, allows a reduction of the Al-content in bulk within an acceptable limit. However, the calculations also demonstrate that the boosting effect of Cr becomes saturated once the Cr concentration reaches around 15 at.%. Additionally, chromium has been proved predominantly to be effective during the initial transient stages of oxidation when the initial nuclei of iron-, chromium-, and aluminum-oxides can grow [32] . In the current study, the transient oxidation tests conducted up to 1300°C (Fig.7) confirmed that all three samples (P5, P6, P10) have been completely covered by a α-Al 2 O 3 scale. Since only the α-Al 2 O 3 scale can provide sufficient protection against steam oxidation at temperature above 1200°C, it is reasonable to assume that a saturation of the third element effect (TEE) and a minimum Al content is needed to maintain the protective effect up to 1450°C. 
The influence of heating schedules
Concerning the oxidation of FeCrAl alloys, numerous studies have confirmed that the oxidation kinetics follow a parabolic or cubic law controlled by diffusional processes in the oxide scale once a protective alumina scale is established [30, 32, [37] [38] [39] [40] [41] . However, transient oxidation processes are often observed during the initial stage of oxidation, and the oxidation kinetics correspondingly diverges from parabolic rate law and tends to obey a linear law [40, 42] . Fig.12 summarizes the schematic of the oxide scale architecture and corresponding depth profile of oxidant partial pressure during the initial oxidation stage of FeCrAl alloys at elevated temperatures.
The ramp heat-up period during the transient oxidation test can be viewed as a pre-oxidation process. As shown in Fig.7a and Fig.9a , the alumina oxide scale that grows rapidly and initially, particularly on yttrium-free alloys which were heated rapidly, tends to have a more convoluted and porous structure. Furthermore, metastable alumina and high concentration of base elements, in this case Fe and Cr, are also found to be incorporated into the initially formed alumina scale [41] [42] [43] [44] . It is reasonable to assume that the initial alumina scale shows more structural and compositional defects compared to scale growth during the steady-state period. The density and dimension of the cracks and pores in the initially formed alumina scale will also progressively increase because of different thermal expansion coefficients of FeCrAl substrates (~16 × 10 /K) [24] while temperature reaches designated values ( Fig.7 c and d ). The oxidizing gas penetrating the oxide scale could be transformed from a single diffusion process into a combination of diffusion and gas transfer through porous media with increasing temperature. The latter process (gas transfer) can profoundly enhance the delivery of the gas.
Consequently, the partial pressure of the oxidant at the scale/metal interface can remarkably increase (Fig.12) . Since the partial pressure of the oxidant at the scale/metal interface is inversely proportional to the scale thickness, the average thickness of the alumina scale additionally appears to be critical for scale susceptibility to failure. Increasing the heating rates during temperature ramp-up period results in growth of a thinner alumina scale owing to the shorter exposure time.
The thinner the oxide scale, the higher the oxidant partial pressure at the scale/metal interface at a specific temperature, and vice versa. Once the substrate cannot provide adequate Al to consume the oxidant and the partial pressure at the interface is high enough to oxidize both Fe and Cr as well, the alloys are suggested to suffer from catastrophic oxidation as observed during the transient test. The maximum compatible temperature at which the oxide scales fail, i.e.
catastrophic oxidation occurs, declines if a thinner scale grows due to increasing heating rates (Table 2) . Recent investigations also reported that FeCrAl(RE) alloys were susceptible to a breakaway oxidation during transient tests at temperature above 1200°C in steam by applying a high ramp rate [27, 41] . The occurrence of catastrophic oxidation thus seems to be controlled by a dynamic competition between the solid mass transfer of the Al from the substrate and the transfer of oxidizing gas through the scale toward the metal/scale interface [45, 46] .
In terms of isothermal oxidation in the temperature range of 1200 -1400°C that are few tens to hundreds Kelvin lower than the solidus temperature of specific FeCrAl alloys, the atom diffusion in the alloy is governed by solid diffusion through adjacent vacancies or atom transfer via bond breaking [47] . If the sample can supply sufficient Al to establish a continuous and protective alumina scale beneath the transient oxide layer during initial oxidation (Fig.12) , then no catastrophic oxidation phenomena will occur. Otherwise, the transient oxidation process is suggested to dominate the oxidation procedure characterized by rapid and complete consumption of the samples, for instance catastrophic oxidation for all tested alloys at 1400°C (Table 3 ). Due to the absence of a pre-oxidation process, the alloys are more susceptible to catastrophic oxidation in high-temperature steam as demonstrated in Tables 2 and 3 . However, as the temperature continuously increases up to 1500°C, approaching or exceeding the solidus temperature of FeCrAl alloys [48] , the diffusion in the substrate will, at least partially, change from solid diffusion into liquid diffusion. As previously mentioned, during oxidation the thermally grown oxide is accompanied by the development of stresses within the oxide scale, comprising of thermal and growth stresses [36] .
Thermal stresses induced by an abrupt temperature change arise from the difference in the thermal expansion coefficients between the alloy substrate and its oxide. Growth stresses are associated with the strain in the oxide scale that evolves during its growth keeping at constant temperatures [33] . A dynamic interplay exists between stress generation and relaxation over oxidation time. The relaxation mechanisms can be creep of the oxide scale and/or the alloy substrate. It has been proved that the relaxation of the initial tensile stress in the oxide scales formed on FeCrAl alloys is dominated by creep in the α-Al 2 O 3 scale at 1200°C [33] . It is hypothesized that this mechanism facilitates microcracking, wrinkling and spallation of the oxide scale ( Fig.9a and b) . However, at an extremely high temperature (1500°C), the stress relaxation mainly occurs via pronounced creep and plastic deformation of the alloy substrate, allowing for an accommodation of stresses within the oxide scale characterized by a compact structure and rare spallation as shown in Fig.9d . It is believed that the above two discussed prerequisites (Al diffusion and stress relaxation) play the determining roles for successful growing of a protective alumina scale at 1500°C in the isothermal tests. 
The influence of reactive elements (RE)
The beneficial effects of reactive elements, by means of e.g. changing scale growth mechanism from both anion and cation to predominant anion diffusion, suppressing convoluted morphology and void formation, enhancing selective oxidation and faster scale nucleation as well as remarkably improving the scale adherence, have been widely confirmed and characterized [24] .
Similar beneficial effects of REs, particularly during the transient tests, were observed in this study. The oxide scales on yttrium-containing alloys appear smooth, compact as well as highly adherent. With respect to the un-doped alloys, it is typical to see a highly convoluted structure, large interfacial voids and wide-area spallation of the thermally grown oxide scales in case of the alloys survive. Thus, compared to the un-doped alloys with identical base alloy compositions, the maximum tolerable temperature of doped yttrium-containing alloys significantly increased during the transient tests (Table 2) . However, only weak improvement was seen during the isothermal tests (Table 3) .
It is postulated that REs function effectively through incorporating into the external oxide scale in the form of oxide precipitates primarily at alumina grain boundaries [24, 30, 50] . The incorporation process is kinetically favored through nucleation and diffusional growth. The morphology and distribution of the precipitates were proved being dependent on the RE mobility in the alloy, RE reservoirs and the oxidation temperature [24, 50] . For instance, the incorporation of Hf into the scale was found occurring at a slower rate than that of Zr [50] . With respect to the transient tests herein, it seems that sufficient yttrium is becoming incorporated into the alumina scale and to tremendously improve the scale adherence and prohibit the interfacial void formation as well as reduce the oxidant inward diffusion rate at both heating rates to 1450°C (Fig.5c) . However, the isothermal tests do not allow the yttrium to function efficiently due to the lack of a pre-oxidized alumina scale. The limited improvement observed in the isothermal test is probably attributed to the enhanced selective oxidation of Al and faster scale nucleation at the initial oxidation stage due to yttrium addition [24] .
It is necessary to mention that the Y concentration in the alloys investigated here is around 0.3 wt%, about 3 times higher than in typical FeCrAlRE alloys (~0.1 wt%). The higher Y content here enables a larger Y reservoir, thereby resulting in accelerating incorporation rate and increasing precipitate density of yttrium oxide. Whereas, the high-level of Y addition also leads to internal oxidation due to over-doped effect. Further research is necessary to optimize the amount of RE dopant and to figure out the relationship between RE reservoir (or concentration) and tolerable temperature of FeCrAlRE alloys under variable test conditions.
Conclusions
Meaningful observations in this study confirmed that the protective effect arising from the growth of an alumina scale for FeCrAl-based alloys during the initial stage of oxidation at elevated temperatures in steam is not only determined by the concentration of major alloy elements (Al and Cr), reactive element doping, but also considerably influenced by the applied heating schedules. The main conclusions are as follows:
(1) Two distinct phenomena, catastrophic oxidation (rapidly and completely oxidized samples) and protective effect (growth of an external alumina scale) were confirmed during hightemperature steam oxidation of FeCrAl-based alloys in transient tests and isothermal tests.
(2) Increasing the aluminum and chromium contents in the alloys and decreasing the heating rate during ramp period improve the alloys resistance to steam in transient tests; the maximum tolerable temperatures in steam simultaneously rise. Aluminum was found to be more effective for improving the maximum tolerable temperature than chromium. 
